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1.1 Introduction to Spine Modelling 
1.1.1 Introduction 
The human spine is one of the important and indispensable structures in the human 
body. It undertakes many functions, most importantly, providing strength and 
support for the remainder of the human body, with particular attention to the 
heavy bones of the skull, as well as in permitting the body to move in ways such 
as bending, stretching, rotating, and leaning. Other functions include the protec-
tion of nerves, providing a base for the ribs, and offering a means of connecting 
the upper and lower body via the sacrum and pelvis. However, the human spine is 
also a very vulnerable part of our skeleton that is susceptible to many diseases and 
injuries, such as whiplash injury, low back pain, and scoliosis. 
Whiplash injury to the human neck is a frequent consequence of rear-end auto-
mobile accidents and has been a significant public health problem for many years. 
Soft-tissue injuries to the cervical spine are basically defined as injuries in which 
bone fracture does not occur or is not readily apparent. A whiplash injury is there-
fore an injury to one or more of the many ligaments, interverrebral discs, facet 
joints, or muscles of the neck. Low back pain (LBP) is the most common disease 
compared to others and strongly associated with degeneration of intervertebral 
discs. LBP is usually seen in people with sedentary jobs who spend hours sitting 
in a chair in a relatively fixed position, with their lower back forced away from its 
natural lordotic curvature. This prolonged sitting causes health risks of the lumbar 
spine, especially for the three lower vertebrae, L3-L5. Eighty percent of people in 
the United States will have LBP at some point in their life. 
Compared to LBP, scoliosis is a less common but more complicated spinal dis-
order. Scoliosis is a congenital three-dimensional deformity of the spine and trunk 
affecting between 1.5% and 3% of the population. In severe cases, surgical correc-
tion is required to straighten and stabilise the scoliosis curvature. Hence, studies 
into the treatment of these spinal diseases have played an important role in mod-
ern medicine. Many biomechanical models have been proposed to study dynamic 
behaviour as well as the biomechanics of the human spine, to develop new implants 
and new surgical strategies for treating these spinal diseases. 
1.1.2 Motion of the Spine 
A healthy spine provides the main support for the human body to allow movement 
in several planes. Morion of spine is usually measured in degrees of range of motion 
(ROM). The four movements measured are flexion, lateral flexion, extension, and 
rotation. The S-shape curve of a normal spine is able to absorb shock and maintain 
balance like a coiled ·spring to make sure of the full ROM. However, an abnormal 
curve of the spine, such as lordosis, kyphosis, and scoliosis, can lead to significant 
restrictions in spinal motion. 
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1.1.3 Vertebral Column 
The spinal column (Figure 1.1) extends from the skull to the pelvis and is made 
up of 33 individual bones called vertebrae that are stacked on top of each other. 
The spinal column can be divided into five regions: 7 cervical vertebrae (Cl-C7) 
in the neck, 12 thoracic vertebrae (Tl-Tl2) in the upper back, 5 lumbar vertebrae 
(Ll-LS) in the lower back, 5 bones (that are joined together in adults) to form the 
bony sacrum, and 3-5 bones fused together to form the coccyx or tail bone. 
Figure 1.1 Spinal column. 
Cl (Atlas) 
C2 {Axis) 
L3 
L4 
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1.1.4 lntervertebral Discs 
The intervertebral discs (Figure 1.2) are soft-tissue structures situated between each 
of the 24 cervical, thoracic, and lumbar vertebrae of the spine. Their functions are 
to separate consecutive vertebral bodies. Once the vertebrae are separated, angular 
motions in the sagittal (forward and backward bending) and coronal planes (side-
ways bending) can occur. 
1.1. 5 Facet joints 
Facet joints are paired joints that are found in the posterior of the spinal column 
(Figure 1.3). Every vertebra has two facet joints to connect to the upper and lower 
vertebrae. The surfaces of each joint are covered by a cartilage that helps to smooth 
the movement between the two vertebrae. Certain motions are facilitated by these 
joints, such as bending forward, bending backward, and twisting. In addition, peo-
ple can feel pain if the joints are damaged because of the connected nerves. Some 
experts believe that these joints are the most common reasons for spinal discomfort 
and pain. 
1.1. 6 Ligaments 
The ligaments enable the spine to function in an upright position and the trunk to 
assume various positions for different activities. The spinal ligaments are extremely 
important for connecting the vertebrae and for keeping the spine stable. There are 
Spinous process 
Posterio~ tubercle of / 
transverse process 
Figure 1.2 lntervertebral discs. 
Vertebral body 
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Superior articular process 
Facet for articular part 
of tubercle of rib 
Figure 1.3 Facet joints of the spine. 
lnterspinous 
ligaments 
Figure 1.4 Ligaments of the spine. 
various ligaments attached to the spine, with the most important being the anterior 
longitudinal ligament and the posterior longitudinal ligament (Figure 1.4), which 
runs from the skull all the way down to the base of the spine (the sacrum). In addi-
tion to the ligaments, there are also many muscles attached to the spine, which fur-
ther help to keep it stable. The majority of the muscles are attached to the posterior 
elements of the spine. 
1.1.7 Background on Computational Modelling Techniques 
Models in biomechanics can be divided into four categories: physical models, in 
vitro models, in vivo models, and computer models. However, computer models 
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have been extensively used due to their advantages over others, in that these models 
can provide information that cannot be easily obtained by other models, such as 
internal stresses or strains. They can also be used repeatedly for multiple experi-
ments with uniform consistency, which lowers the experimental cost, and to simu-
late different situations easily and quickly. In computer models, multibody models 
(MBMs) and finite element models (FEMs) or a combination of the two are the 
most popular simulation tools that can contribute significantly to our insight of the 
biomechanics of the spine. 
Although a great deal of computational power is required, FEMs are helpful in 
understanding the underlying mechanisms of injury and dysfunction, leading to 
improved prevention, diagnosis, and treatment of clinical spinal problems. These 
models often provide estimates of parameters that in vivo or in vitro experimen-
tal studies either cannot or are difficult to obtain accurately. Basically, FEMs are 
divided into two categories: models for dynamic study and models for static study. 
Models developed for static study generally are more detailed in representing spinal 
geometries. Although this type of model can predict internal stresses, strains, and 
other biomechanical properties under complex loading conditions, they generally 
only consist of one or two motion segments and do not provide more insight for the 
whole column. Models for dynamic study generally include a series of vertebrae (as 
rigid bodies) connected by ligaments and discs modelled as springs. These models 
could only locally predict the kinematic and dynamic responses of a certain part of 
the spine under load. In addition to static and dynamic investigations, FEMs have 
also been widely used for years to study scoliosis biomechanics. Thoroughly under-
standing the biomechanics of spine deformation will help surgeons to formulate 
treatment strategies for surgery as well as design and development of new medical 
devices involving the spine. Due to the complexity of spine deformities, FEMs of 
scoliotic spines are usually restricted to two-dimensional models or sufficiently sim-
plified into three-dimensional elastic beam element models. Although these models 
show some promising preliminary results, extensive validation is necessary before 
using the models in clinical routine. 
Compared to FEMs, MBMs have advantages such as less complexity, less 
demand on computational power, and relatively simpler validation requirements. 
MBMs possess the potential to simulate both the kinematics and kinetics of the 
human spine effectively. In MBMs, rigid bodies are interconnected by bushing 
elements, pin (two-dimensional) and/or ball-and-socket (three-dimensional) joints. 
MBMs can also include many anatomical details while being computationally effi-
cient. In these models, the head and the vertebrae are modelled as rigid bodies, and 
soft tissues (intervertebral discs, facet joints, ligaments, and muscles) are usually 
modelled as massless spring-damper elements. Such MBMs are capable of produc-
ing biofidelic responses. Generally, MBMs can be broken down into two categories: 
car collisions and whole-body vibration investigations. In the former, displacements 
of the head with respect to the torso, accelerations, intervertebral motions, and neck 
forces/moments can provide good predictions for whiplash injury. In the latter, 
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MBMs are helpful for determining the forces acting on the intervertebral discs and 
end plates of lumbar vertebrae. In both cases, MBMs are only focused either on the 
cervical spine or on the lumbar spine. Since these spine segments are partially mod-
elled in detail, it is impossible to investigate the kinematics of the thoracic spine 
region. In other words, global biodynamic response of the whole spine has still not 
been studied thoroughly. 
1.2 Development of a Spine Simulation System 
1.2.1 Introduction to LifeMOD™ Simulation Software 
Recently, many software applications have been developed for impact simulation, 
ergonomics, comfort study, biomechanical analysis, movement simulation, and 
surgical planning. Such software enables users to perform human body modelling 
and interaction with the environment where the human motion and muscle forces 
can be simulated. These tools are very useful for simulating the human-machine 
behaviour simultaneously. LifeMOD™ from Biomechanics Research Group is a 
leading simulation tool that has been designed for this purpose. 
The LifeMOD™ Biomechanics Modeller is a plug-in module to the ADAMS 
(Automatic Dynamic Analysis of Mechanical Systems) physics engine, produced by 
MSC Software Corporation to perform multibody analysis. It provides a default MBM 
of the skeletal system that can be modified by changing anthropometric si.zes such 
as gender, age, height, and weight. The created human body may be combined with 
any type of physical environment or system for full dynamic interaction. The results 
of the simulation are human motion, internal forces exerted by soft tissues (muscles, 
ligaments, and joints), and contact forces at the desired location of the human body. 
Full information on the LifeMOD™ Biomechanics Modeller can be found online [1]. 
In Sections 1.2.2 to 1.2.7, the development process of a discretised musculoske-
letal spine model is presented thoroughly. This process includes five main stages: 
generating a default human body model, discretising the default spine segments, 
implementing ligamentous soft tissues, implementing lumbar back muscles, and 
adding intra-abdominal pressure. 
1.2.2 Generating a Default Human Body Model 
The usual procedure for generating a human model is to create a set of body 
segments, followed by redefining the fidelity of the individual segments. The body 
segments of a complete standard skeletal model are first generated by LifeMOD™ 
depending on the user's anthropometric input. The model used in this study was a 
median model with a height of 1.78 m and a weight of 70 kg created from the inter-
nal GeBod anthropometric database. By default, LifeMOD™ generates 19 body 
segments represented by ellipsoids. Then, some kinematic joints and muscles are 
generated for the human model. Figure 1.5 shows the base model in this study. 
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Figure 1.5 Base model for study. 
1.2.3 Discretising the Default Spine Segments 
To achieve a more detailed spine model, the improvement of the default spine 
model mentioned in Section 1.2.1 is required and can be done in the three follow-
ing steps: refining the spine segments, reassigning muscle attachments, and creat-
ing the spinal joints. 
1.2.3.1 Refining the Spine Segments 
From the base human model, the segments may be broken down into individual 
bones for greater model fidelity. Every bone in the human body is included in the 
generated skeletal model as a shell model. To discretise the spine region, the stan-
dard ellipsoidal segments representing the cervical (Cl-C7), thoracic (Tl-T12), 
and lumbar (Ll-L5) vertebral groups are firstly removed. Based on input such as 
the centre of mass location and the orientation of each vertebra, the individual 
vertebra segment is then created. Figure 1.6 shows all ellipsoidal segments of 24 
vertebrae in the cervical, thoracic, and lumbar regions after discretising. 
1.2.3.2 Reassigning Muscle Attachments 
The muscles are attached to the respective bones based on geometric landmarks 
on the bone graphics. With the new vertebra segments created, the muscle attach-
ments to the original segment must be reassigned to be more specific to the newly 
created vertebra segments. The physical attachment locations will remain the same. 
Figure 1.7a and b shows the anterior and posterior view of several muscles in neck/ 
trunk regions. Table 1.1 lists the attachment locations of these muscles. 
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Figure 1.6 Ellipsoid segments of all discretised vertebrae. 
(a) (b) 
Figure 1.7 Muscles in neck and trunk regions: (a) anterior and (b) posterior. 
1.2.3.3 Creating the Spinal Joints 
It is necessary to create individual nonstandard joints representing intervertebral 
discs between newly created vertebrae. The spinal joints are modelled as torsional 
spring forces, and the passive six degrees of freedom's (DOFs) jointed action can 
be defined with user-specified stiffness, damping, angular limits, and limiting stiff-
ness values. These joints are used in an inverse dynamics analysis co record the joint 
angulations while the model is being simulated. The properties of the joints can be 
found in the literature [2-5]. Figure 1.8 shows spinal joints representing incerver-
tebral discs. 
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Table 1.1 Attachment Locations of Neck and Trunk Muscle Set 
Index Muscle Attach Proximal Attach Distal 
1 Rectus abdominis Sternum Pelvis 
2 Obliquus externus Ribs Pelvis 
3 Scalenus medius cs Ribs 
4 Scalenus anterior cs Ribs 
5 Sternocleidomastoideus Head Scapula 
6 Erector spinae 2 L2 Pelvis 
7 Erector spinae 3 T7 L2 
8 Erector spinae 1 T7 Pelvis 
9 Scalenus posterior cs Ribs 
10 Splenius cervicis Head C7 
11 Splenius capitis Head T1 
L, 
Figure 1.8 Spinal joints representing intervertebral discs. 
1.2.4 Creating the Ligamentous Soft Tissues 
To stabilise the spine model, incerspinous, Raval, anterior longitudinal, posterior 
longitudinal, and capsule ligaments are created. Figure 1.4 displays various types of 
ligaments attached to vertebrae in the cervical spine region. 
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Figure 1.9 Ligaments attached to the whole spine. 
Figure 1.9 shows side and rear views of all ligaments of the whole spine running 
from the skull down to the pelvis. These ligaments surrounding the spine will guide 
segmental motion and contribute to the intrinsic stability of the spine by limiting 
excessive motion. The stiffness of these ligaments is referenced in [6,7]. 
1.2.5 Implementing Lumbar Muscles 
1.2.5.1 Multifidus Muscle 
The multifidus muscle is divided into 19 fascicles on each side according to descrip-
tions by Bogduk and colleagues [8,9]. The multifidus can be modelled as three 
layers, with the deepest layer having the shortest fibres and spanning one vertebra. 
The second layer spans over two vertebrae, while the third layer goes all the way 
from LI and L2 to posterior superior iliac spine [10]. The rather short span of the 
multifidus fascicles makes it possible to model them as line elements without via-
points (Figure l.IOa). 
1.2.5.2 Erector Spinae Muscle 
According to descriptions by Macintosh and Bogduk [11,12], there are four 
divisions of the erector spinae: longissimus thoracis pars lumborum, iliocostalis 
lumborum pars lumborum, longissimus thoracis pars thoracis, and iliocostalis 
lumborum pars thoracis. The fascicles of the longissimus thoracis pars lumborum 
and iliocostalis lumborum pars lumborum originate from the transverse processes 
of the lumbar vertebrae and insert on the iliac crest close to the posterior superior 
iliac spine [10]. The fascicles of the longissimus thoracis pars thoracis originate 
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(d) 
Figure 1.10 Muscle attachments in the lower spine and sacrum. 
from the costae 1-12 close to the vertebrae and insert on the spinous process of 
LI down to 54 and on the sacrum. The fascicles of the iliocostalis lumborum 
pars thoracis originate from the costae 5-12 and insert on the iliac crest. Since 
muscles of the two pars thoracis are automatically generated by LifeMODT .. , only 
muscles of the two pars lumborum need to be added to our model, as shown in 
Figure l.lOb. 
1.2.5.3 Psoas Major Muscle 
The psoas major muscle is divided into 11 fascicles according to different literature 
sources [13-15]. The fascicles originate in a systematic way from the lumbar verte-
bral bodies and T12 and insert into the lesser trochanter minor of the femur with 
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a via-point on the pelvis (iliopubic eminence) (Figure 1.lOc). Bogduk found char 
che psoas major had no substantial role as a flexor or extensor of the lumbar spine, 
bur rather chat the psoas major exerted large compression and shear loading on 
the lumbar joints [13]. This implies that the moment arm for the flexion/exrension 
direction is small and therefore the via-points for the path were chosen in such a 
way that the muscle path ran close co the centre of rotation in the sagittal plane. 
1.2.5.4 Quadratus Lumborum Muscle 
For modelling the quadratus lumborum, the description given by Srokes and 
Gardner-Morse was followed [16]. They proposed to represent this muscle by five 
fascicles. The muscle originates from costa 12 and rhe anterior side of the spinous 
processes of the lumbar vertebrae and has in the model a common insertion on che 
iliac crest (Figure l.lOd). 
1.2.5.5 Abdominal Muscles 
Two abdominal muscles are included in the model: obliquus externus and obliquus 
internus. Modelling of these muscles requires the definition of an artificial segment 
with a zero mass and inertia [10]. This artificial segment mimics the function of 
the rectus sheath on which the abdominal muscles can attach (Figure 1.lla). The 
obliquus externus and the obliquus internus are divided into six fascicles each [16]. 
Two of the modelled fascicles of the obliquus externus run from the cosrae to the 
iliac crest on the pelvis, while the ocher four originate on the cosrae and insert into 
the artificial rectus sheath as can be seen in Figure 1. lla. Three of the modelled 
fascicles of rhe obliquus internus run from the costae to the iliac crest, while the 
other three originate from the iliac crest and insert into the artificial rectus sheath 
(Figure 1.llb). 
1.2.6 Adding Intra-Abdominal Pressure 
Since LifeMOD™ and ADAMS provide tools that only generate concentrated 
or distributed forces, it is not possible co directly implement intra-abdominal 
pressure into the spine model. To overcome this difficulty, a new approach to 
intra-abdominal pressure modelling is proposed. Initially, an equivalent spring 
structure able to mimic all mechanical properties of intra-abdominal pressure 
such as tension/compression, anterior/posterior shear, lateral shear, flexion/ 
extension, lateral bending, and torsion is created (Figure 1.12). After chat, the 
translational and torsional stiffnesses of the spring structure are determined. 
Finally, since adding chis spring structure into the spine model is quite trouble-
some, a bushing element that can specify all stiffness properties of the structure 
is used instead (Figure 1.13). 
Development of a Human Spine Simulation System • 15 
(c) 
Figure 1.11 Abdominal muscle attachments. 
. y 
zJ-X 
Ky 
(d) 
h 
Figure 1.12 Equivalent spring structure to mimic intra-abdominal pressure. 
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Figure 1.13 Intra-abdominal pressure modeled using bushing element. 
1.2.7 Validation of the Detailed Spine Model 
To validate the detailed spine model presented in Sections 1.2.2 through 1.2.6, two 
approaches are used and presented as follows: 
• With the same extension moment generated in upright position, the axial and 
shear forces in the L5-Sl disc calculated in the model are compared to those 
obtained from Zee's model [10] and experimental data [17]. 
• While a subject holds a crate of beer weighing 19.8 kg, the axial force of 
the L4-L5 disc is computed and compared with in vivo intradiscal pressure 
measurements [18]. 
In the first approach, a gradually increasing horizontal force was applied onto 
the vertebra T7 of the spine model from posterior to anterior in the sagittal plane. 
From this force, axial and shear forces as well as the moment about the L5- Sl disc 
were calculated. Zee's model estimated an axial force of 4520 N and shear force of 
639 Nin the L5- Sl disc at a maximum extension moment of238 Nm. Meanwhile, 
to obtain the same extension moment, the external force that needs to be applied 
in the present model is 1260 N. Corresponding with this force, the axial and shear 
forces obtained in the model were 4582 N and 625 N respectively. This is in accor-
dance with the results presented by McGill and Norman (17] who found axial 
forces in the range of 3929-4688 N and shear forces up to 650 N. 
In the second approach, a comparison was made with in vivo intradiscal pres-
sure measurements of the L4-L5 disc as reported by Wilke et al. [18]. They mea-
sured a pressure of 1.8 MPa in the L4-L5 disc while the subject (body mass: 70 kg; 
body height: 1.74 m) was holding a full crate of beer (19.8 kg) 60 cm away from the 
chest. The disc area was 18 cm2, and based on this, the axial force was calculated to 
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be 3240 N. The same situation was simulated using the spine model in our research. 
The estimated axial force was 3161.6 N. This is a good match considering the fact 
chat no attempt was made to scale the model to the subject in chis study. The body 
mass and body height of the subject in this study are quite similar to the body mass 
and height used in the model. 
1.3 Applications of a Human Spine Simulation System 
The entirely discretised multibody spine model in our study can be used in numer-
ous medical applications, such as product design, clinical treatment, and surgical 
training. In this section, some preliminary results based on this spine model will 
be presented. 
1.3.1 Developing a Human-Chair Interface to Provide 
Means of Designing Effective Seating Solutions 
LBP is a complex condition and is not entirely understood even roday. The source of 
the pain can be attributed to factors such as muscular dysfunction, joint irritation, 
breakdown of vertebral bodies, postural distortions, and severe spinal deformities 
such as scoliosis [19]. In complicated medical conditions, emphasis is placed on 
controlling the risk factors involved. In the case ofLBP, optimising the spine's posi-
tion to resist the compressive forces of gravity is a logical place at which to address 
the high risk of fracture or change due to stresses [20]. Sitting increases disc pres-
sure [21], and therefore, there has been a consensus that seating is a contributing 
factor co the risk of LBP. Thus, understanding sitting posture, sitting behaviour, 
and the corresponding force variations in the spine can assist in treating LBP. 
Virtual platforms are now being used to investigate the effects of implants, 
understand gait cycles, simulate sports actions, study injury scenarios, and offer solu-
tions that may reduce undue stresses and strains on the musculoskeletal system. The 
ergonomics of sitting have been studied in healthy individuals and for LBP; rem-
edies have been suggested by modifications to chair design or to posture (apart from 
medical treatment). Wheelchair-bound patients often sit for extended periods of 
time in a fixed position, which contributes to the development of LBP. However, in 
wheelchair seating, changing the seat or posture is not an easy option. Firstly, wheel-
chairs are expensive and are usually not changed unless the patient's needs drastically 
change or he/she outgrows it. Also, many patients cannot perform dynamic seating 
actions (small shifts in position to momentarily relieve pressures) or change posture. 
Currently, physiotherapists and occupational therapists rely on personal experience 
in order to determine how and what parts of the body to support in the patient. 
Today, projects such as this are attempting to assist in identifying the major stresses 
in the spine when seated in order to develop a system whereby once a patient's data 
is imported, the major stresses in the spine can be determined and the best places for 
support identified so that the risk of conditions such as LBP can be reduced. 
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1.3.1.1 Using MOCAP to Capture Seating Motion 
To study seating action as it is performed in real life, Vicon Motion Capture 
(MOCAP) system (see Figure 1.14) was used to capture the seating motion and 
analyse the interaction of the spine with the external environment (chair). Vicon 
Nexus was the first life science- specific MOCAP software available in the marker. 
It is a validated system chat is being used for gait analysis and rehabilitation, pos-
ture, balance and motor control, sports performance, and ochers. 
The technology underpinning the Vicon camera systems are based on small 
retroreflective markers attached to specific places on the subjects' body. The Vicon 
cameras emir strobe light, which is reflected back into the cameras from the mark-
ers, giving a clear, greyscale view of each marker. The location coordinates of each 
marker are then calculated from the greyscale image and forwarded to a computer. 
This information, received from all the cameras, establishes highly accurate rhree-
dimensional trajectories. The Vicon Nexus and Vicon BodyBuilder software assist 
in analysing the results from the camera system. 
1.3.1.2 Data Preparation and Importing Seating 
Data into LifeMOD™ Environment 
There are three main steps in the Vicon System analysis. The first is patient prepara-
tion (Figure 1.15), where the anatomical measurements of the patient are taken and 
markers are attached according to standard marker sets. Second is the process of 
data recording (Figure 1.16). 
Figure 1.14 Vicon motion capture laboratory. 
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Figure 1.15 Subject with markers attached. 
Figure 1.16 Recorded data system. 
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A static analysis is performed once, followed by the real motion. The motion is 
repeated many times until the best set of data is captured. Recorded data is then 
processed and imported into the LifeMODT"' environment (Figure 1.17). Vicon 
provides highly accurate movement information, which is an essential element of 
designing a realistic spine modelling system. Two subjects performed the trials. The 
Nexus MOCAP system was used ro map the motion of the subject walking up to a 
chair, sitting down, and moving into a predetermined posture (leaning backward, 
straight, and leaning forward). The results were processed using Vicon Nexus and 
Vicon BodyBuilder. One set of results was used to cry to achieve a workable model 
in LifeMODT" using MOCAP import option. In this work, results from a model 
with discretised lumbar region are analysed. 
Figure 1.17 Import of Vicon data into LifeMOD™. 
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1.3.1.3 Effects of Different Postures on Spinal Forces 
The subject is instructed to perform the following motion, as shown in Figure 1.18. 
Start at a normal gait (A) and approach the chair from the side; when the chair is 
reached turn (B) so that your back is to the chair (C); sit down (0), and then lean 
back to a normal sitting posture (E). Slowly lean forward and remain in that posi-
tion for approximately 4-5 seconds (F). Afterwards, sit up straight (G), stand up 
(H), and walk forward. 
For this study, the most important sections are 0-H. The plot increases rap-
idly at 0 reaching a maximum of approximately 5850 N. The value drops to about 
300 N when sitting reclined. As the subject bends forward, there is an increase to 
about 1200 N. As the subject leans back again, the force decreases to about 300 N 
again. When the subject stands up again, it reaches a peak of about 4350 N. 
B, 0, and H show the highest peaks. A (gait), C (standing), E, and G (both sitting 
in reclined) fluctuate around the same minimum force values in the plot. The values 
at sitting leaning forward show a very large increase in force (1200) from sitting in a 
reclined posture (300 N). This value remains almost constant over the duration of sit-
ting in that particular posture and it is still lower than the maximum peak forces dur-
ing 0 and H. Table 1.2 shows the peak values at various phases of motion. Note that 
the forces on the joint indicate the resultant force due to both external and internal 
forces that are interrelated and are established to allow the body to be mobile yet sta-
ble. The main external force is the ground reaction force (GRF, shown in Figure 1.19), 
which is the force exerted on the body by the ground and can be explained through 
Newton's Third Law. GRF is a reaction force to the forces of gravity (the weight of 
the subject as well as the internal forces generated by the muscles). The weight of 
the subject is approximately 580 N (59 kg X 9.81). The lumbar spine sustains the 
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Table 1.2 Summary of joint Force Peak Value Data for MOCAP Analysis 
Phase D E F G H 
Peak Value (N) 5850 00 1200 300 4350 
Contact forces 
-Chevy_GRX_Rfoot_l-none-mag_compl 
- -Chevy_GRX_Lfoot_l-none-mag_compl 
1350.0 --·;.--+--r--1- - ,...... - ----_,__ - - i· 
. ' ~.· i-+-i---11-+-••-t-~-~--+--+--<---+-•-!- -
! -~t-+t--+--+--+--H-+-t--if--+--+-+--t--1-~,-+--~--+-I 
I ~... 900.0 - I ~ .1 
~ -+-H11-4--+-4~1 ,•,l-U~--+-+--4--f--l-+-!-+--+-4--
- , I. I 
_ _J_ .,1 •• 
i 11 I 1 .~; i 
- • ~ I ;'l :; •"" "'·- ... ·- ··1111 
450.0 ~ i 1 L -.i• f'"" 
- - 1- --- -1- I I -'~-- I "-- 1--; I ' • ' '•.,. ~ 1· ! \ I 
- ·---!-· ' - · .. . -1--' ] . . -
: I I 1 } l ' 
! I I t l ~ 1 +-a :--
- I ; I ' I _/'<, A IV l-0.0 ::I ,j • \ J V\ - • ! II 
0.0 3.0 6.0 9.0 12.0 
Time (s) 
Figure 1.19 Ground reaction force plot. 
loading of the upper body. This loading can change in tension, compression, torsion, 
or shear depending on the motion [22]. Overall, all five lumbar joint forces plotted 
follow the same trend, which indicates chat the load is well distributed over the joints. 
Coupled morion (morion of one direction that affects the others) is also prominent as 
all respond the same way at the same time. This trend in Figure 1.18 can be explained 
as follows. In a normal gait (A), the body is upright and both the external and internal 
forces are stabilised to allow little fluctuation in the overall force. 
During B, the body changes momentum both in direction and in magnitude. 
Increases in the joint forces indicate that the muscles actively respond co change in 
motion. Force is increased in torsion due to the twisting movement of the vertebrae 
relative to each other when the subject turns. At C, the subject is standing upright 
and erect with little movement. Forces are then stabilised and reach almost the same 
minimum as phase A. As the subject sits down, this bends his or her knees and 
actively contracts the leg muscles, which in turn exerts a higher force onto the ground. 
This increased force generation affects GRF and also the resultant joint force. The 
body also increases in flexion, which decreases lordosis and increases compression 
in the spinal joints. Forces rapidly decrease as the body adjusts to accommodate the 
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change in loading. Ac E, the subject reclines, which increases lordosis once again and 
therefore decreases compression. As the subject leans forward with increased Hexion, 
joint force increases as expected due co decreasing lordosis and increased compres-
sion. Also, shear loading is produced by translational movement of the vertebral 
bodies; as flexion occurs, vertebrae slide against each other [22]. As the spine bends 
forward, there is also an increase in the activity of the back muscles. If forward Hex-
ion increases, transition of the spinal load bearing from muscles to the ligamentous 
system takes place. Because of the downward direction of their action, as the back 
muscles contract, they exert a longitudinal compression of the lumbar vertebral col-
umn, and chis compression raises the pressure in the lumbar intervercebral disc [23]. 
The constant force indicates that once a subject adjusts to a posture, there is little 
fluctuation in force. Therefore, in order to decrease the overall force, the subject must 
be supported externally. At G, the subject straightens up (force decrease) and stands 
up at H (increase caused by high GRF and muscles). In the plot for GRF versus time 
(Figure 1.19), the peaks correspond to the peaks in the joint-force plot. This indicates 
chat high GRF is directly related to high force transmission to joints. It was observed 
that the subject's feet sometimes lost contact with the floor when sitting because the 
subject was shore. At the first peak, the subject turns on the left foot, and therefore, all 
weight is supported on chat foot until che right foot is placed beside it. At the second 
high peak, the left foot muscles are still regaining stability and possibly have higher 
muscle contraction (hence high GRF response). During the duration of seating, the 
left foot GRF is higher, perhaps because the posture is asymmetric, or because che 
subject favours one side or is forcing down on one foot to touch the floor. Perhaps put-
ting in a footrest co properly support the body would distribute the force evenly and 
reduce the overall spinal loads. 
The tensile forces in the erector spinae muscles as shown in Figure 1.20 cor-
respond to the varying requirements of the muscle. The difference in left and right 
leg in seating particularly corresponds to a high GRF. There are numerous advan-
tages in using MOCAP for these simulations. Firstly and most importantly, each 
stage in the motion can be clearly seen and defined in the graphs. Therefore, the 
force at the particular posture under study can be found quite easily (in chis case, 
approximately 1200 N for leaning forward). 
1.3.2 Studying and Comparing Biodynamic Behaviour 
of Spinal Fusion with Normal Spine Models 
Spinal fusion has become a popular surgical procedure for chronic disabling back 
pain during the past 20 years but is widely considered to be a last resort as long-
term complications can often arise due to the nature of the procedure. Although 
surgical procedures· involving vertebral fusion produce a relatively good shore-term 
clinical result in relieving pain, they alter the biomechanics of the spine. For exam-
ple, they will immobilise the spine unit and reduce the spine's ROM. In addition, 
they can lead to further degeneration of the discs at adjacent levels. 
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Figure 1.20 Left and right side muscle forces. 
These problems can be verified by using the detailed spine model presented 
in Sections 1.2.2 through 1.2.6. In the present spine model, spinal fusion can be 
made at either the L3-L4 or L4- L5 level by applying fixed joints between ver-
tebrae. In severely degenerated cases, these two levels are fused together. Then, 
external forces are imposed on a certain vertebra, and comparison between spi-
nal fusion and a normal spine model can be achieved. Figures 1.21 through 1.23 
show three cases of locomotion comparisons between the normal spine model and 
fusions at the L3-L4 level, L3-L4 and L4-L5 levels, and L3-L4 and L3-L4-L5 
levels, respectively. 
1.3.3 Modelling of Spine Deformity 
An arbitrary three-dimensional spinal deformity can be described by a combina-
tion of the deformities in three spatial planes, that is, the frontal (coronal), sagittal 
(lateral), and transverse (axial) plane. Each deformity can be characterised by the 
corresponding spinal curvature and vertebral rotation [24]. Based on these charac-
terisations, three deferent types of spine deformity can be defined. 
1.3.3.1 Kyphosis 
Kyphosis is an exaggerated backward spinal curvature in the sagittal plane, charac-
terised by a humpback appearance (see Figure 1.24). 
1.3.3.2 Scoliosis 
Scoliosis is a medical condition in which a person's spine is curved from side to side 
in the coronal plane. Although it is a complex three-dimensional deformity, on an 
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Multiple runs Time=4.0000 Frame= 101 Multiple runs Time=4.0000 Frame= 101 
Fusion at L3-L4 level 
Figure 1.21 Normal spine model compared with L3-L4 fusion. 
Multiple runs Time= 4.0000 Frame= 101 Multiple runs Time =4.0000 Frame= 101 
Fusion at L3-L4 level 
Fusion at L4-L5 level 
Figure 1.22 Fusion at L3-L4 compared with L4-LS fusion. 
Multiple runs Time=4.0000 Frame= 101 Multiple runs Time=4.0000 Frame= 101 
Fusion at L3-L4-L5 level 
Fusion at L3-L4 level 
Figure 1.23 Fusion at L3-L4 compared with L3-L4-LS fusion. 
X-ray, viewed from the rear, the spine of a person with scoliosis may look more like 
an 'S' or a 'C' than a straight line [25]. 
1.3.3.3 Kyphos.co/iosis 
Kyphoscoliosis is an abnormal curvature of the spine in both the coronal and sagit-
tal planes. Ir is a combination of kyphosis and scoliosis [26]. 
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Figure 1.24 X-ray image of kyphosis. 
1.3.4 Introduction to Scoliosis 
Scoliosis is one of the asymmetric conditions in the spine. Scoliosis is a complicated 
condition characterised by a lateral curvature of the spine and accompanied by 
rotation of the vertebrae about its axis. Depending on the aetiology, there may be 
only one primary curve, a primary curve and a compensatory secondary curve, or 
several primary (major) curves [27]. The degree of curvature is usually measured 
using Cobb's method [24], which is the angle of intersection of lines drawn per-
pendicular to the vertebral end plates that represent maximal deviation of the spine 
(see Figure 1.25). In most cases, scoliosis is not painful, but there are certain types 
of scoliosis, such as degenerative scoliosis, that can cause back pain. 
Based on the degree of curvature (Cobb's angle) of the spine, different treat-
ments may apply. The degree of Cobb's angle identifies the type of treatment that 
doctors use to treat the patient. In general, curves less than 25 degrees are simply 
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Figure 1.25 Calculation of Cobb's angle. 
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observed for progression. In this case, the patient should learn how to put his or her 
body in the correct position to avoid getting into trouble with increasing the angle. 
Curves between 25 and 40 degrees are treated by nonsurgical options such as 
using braces and orthosis. Braces are not designed to correct the curve. They are 
used to slow down or stop the curve from getting worse. The ability of a brace to 
work depends on how the person follows the instructions from the doctor and 
wearing the brace as directed. 
Curves that measure greater than 40 degrees are treated surgically. The purpose 
of the surgery is to balance the spinal growth by retarding the growth on the convex 
side. Surgery for scoliosis is performed by a surgeon who specialises in spine sur-
gery. For various reasons, it is usually impossible to completely straighten a scoliotic 
spine, but in most cases, significant corrections are achieved. 
1.3.4.1 Modelling of the Scoliotic Spine Using X-Rays 
Modelling of the real scoliotic spine based on two-dimensional X-ray images of 
the patient is one of our objectives in this group. We recreate the spine based on 
the simple method of the two-dimensional X-ray images (Figure 1.26), wh ich is 
cheaper than magnetic resonance imaging (MRI) and less dangerous for the patient 
compared to computed tomography (CT). 
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Figure 1.26 X-ray image of scoliosis. 
Initially, a normal human body was modelled based on the specifications of the 
patient, such as age, weight, gender, and height. The model was created with initial 
bones and muscles. Then, the positions of the vertebrae were found in two planes based 
on the X-ray images. After chat, the model was changed based on the scoliotic position 
data. In most severe scoliotic spines, there is at least one curve in the thoracic region, and 
since each rib is connected to a corresponding thoracic vertebra, the ribcage was rotated 
to maintain these connections. In simulation of scoliotic spine behaviour, modelling 
the ribcage and sternum and parameterising the vertebrae are very crucial. To address 
this point, discretising the ribcage and sternum were carried out using the commer-
cial Materialise 3-Matic software such that the scoliocic model became more realistic. 
Thereafter, the ribs were manually located in the appropriate positions in the model. In 
doing so, individual joints can be created between each pair of ribs and the correspond-
ing thoracic vertebra in one side and between sternum and ribs in another side. 
1.3.4.2 Applications (Prediction of Surgical 
Outcome and Pre-surgery Planning) 
Computer modelling of the spine deformation correction with any set of instru-
mentation loads can lead to more effective preliminary analysis of the surgical plan. 
Computer models can provide information such as internal stresses or strains that 
cannot be easily obtained by orher clinical schemes. They have the potential to be 
used repeatedly for multiple experiments. 
The simulation cool is one way of spending a number of scenarios that may 
be very expensive in the laboratories. LifeMODrn is a great way of looking at the 
dynamic conditions and the moving parts. By using the software, the design of the 
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implants can be optimised and manufacturing trials will be reduced. However, 
LifeMODTM is still a very incomplete software package. It helps us to do all the 
basic modelling, but the actual models themselves as well as the scaling and per-
sonalisation of those models are not there. Anatomical structures are often very 
complex and cannot be described by mathematical formulas. By using Materialise 
3-Matic software, which is used for modelling complex geometries, Computer 
Aided Design (CAD) tools can be applied to design custom implants and advanced 
measurements. Analyses or preparation of the model for finite element (FE) analy-
sis also can be done using this software. 
Most of the previous works in the field of biomechanical simulation of cor-
rection scoliotic spine treatment used complicated methods to reconstruct the 
three-dimensional model of the spine. In these methods, a complete new model 
is constructed for each specific patient, which is a very time-consuming approach 
and cannot be used for a large group of patients with similar general scoliotic 
conditions. 
We are planning to build a simulation and design system for examining and 
proposing feasibly suitable solutions for treating scoliosis diseases. This virtual 
platform can be useful for surgeons to gain insight into the complex biomechanics 
of scoliosis spines and clinically important analysis such as forces on the verte-
bra, rod, or screw, load acting on the intervertebral disc joints and correspond-
ing angles between vertebrae, and tension in the spine muscles before and after 
surgery. 
Although the concept of this procedure is ideal, complications (including hook 
displacements, rod breakages, laminar fracture, screw pull-out, and wound infec-
tion) have been reported [28-30). Also, children need multiple surgeries under gen-
eral anaesthesia. Thus, there is a need to develop more appropriate instrumentation 
and procedures, for example, gradual lengthening techniques such as the Ilizarov 
method for long bones, as well as to develop more reliable techniques for holding 
hooks to laminate. Therefore, using the simulated model to optimise and predict 
the output of the surgery can be useful. 
1.3.4.3 Parameterisation of a Scoliotic Spine 
In a scoliotic spine, the dimensions of the vertebrae are not the same as a normal 
spine. Parameterisation is one way to model the scoliotic spine more realistically. 
This will help us to have a general model whose parameters can be easily adjusted 
(personalised) based on the weight, age, gender, X-ray images, and other specific 
parameters of the patient. By using parameterisation, a greater number of patients 
with a broader range of scoliotic parameters can be modelled in a short time. Since 
the models are validated based on many examples rather than a few specific mod-
els, more general predictions can be made when a great number of patients are 
modelled. 
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1.3.5 Integration of Haptics into a Spine Simulation System 
1.3.5.1 Introduction to Computer Haptics 
In the early twentieth century, psychophysicists introduced the term 'haptics' (from 
the Greek word haptikos, meaning 'to couch') to describe the research field that 
addresses human touch-based perception and manipulation [31]. In the early 1990s, 
the term 'haptics' started co have new meanings. The synergy of psychology, biology, 
robotics, and computer graphics made computer haptics possible. Much as com-
puter graphics is concerned with synthesising and rendering visual images, computer 
haptics is the arc and science of synthesising computer-generated forces to the user 
for perception and manipulation of virtual objects through the sense of touch [31]. 
Haptic interfaces output mechanical signals char stimulate human touch channels 
[32]. Researchers in chis area are concerned with the development and testing ofhap-
tic feedback hardware and software that enable users to feel and manipulate rhree-
dimensional virtual objects. The field of computer haptics is also growing rapidly. 
Applications ofhapcics are very rich and can be divided into the following areas [33]: 
• Medicine: Surgical simulators for medical training; manipulating micro-
robocs for minimally invasive surgery; aids for the disabled, such as haptic 
interfaces for the blind. 
• Entertainment: Video games and simulators char enable the user co feel and 
manipulate virtual cools and avatars. 
• Education: Giving students the feel of phenomena at nano, macro, or astro-
nomical scales; 'what if' scenarios for noncerrestrial physics. 
• Industry: Integration of haptics into CAD systems such chat a designer can 
model, modify, and manipulate the mechanical components of an assembly 
in an immersive environment. 
• Arts: Virtual art exhibits and museums in which the user can touch and feel 
the haptic attributes of the displays remotely. 
1.3.5.1.1 Fundamentals of Haptics 
There are two categories of haptic senses: tactile and kinesthetic. Tactile sensa-
tions include pressure, texture, puncture, thermal properties, softness, wetness, 
friction-induced phenomena such as slip and adhesion, as well as local features of 
objects such as shape, edges, and embossing [32). Kinesthetic perception refers to 
the awareness of one's body state such as position, velocity, and forces supplied by 
the muscles through various receptors located in the skin, joints, skeletal muscles, 
and tendons. Both kinesthetic and tactile sensations are fundamental to manipula-
tion and locomotion. 
To understand how a human interacts with virtual objects through haptic 
interfaces, the subsystems and information flow underlying interactions between 
human users and force-reflecting haptic interfaces are shown in Figure 1.27 [33]. 
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Figure 1.27 Haptic interaction between real and virtual worlds. 
• Human sensorimotor loop: When a human user touches a real or virtual 
object, forces are imposed on the skin. The associated sensory information is 
conveyed to the brain and leads to perception. The motor commands issued 
by the brain activate the muscles and result in hand and arm motion. 
• Machine sensorimotor loop: When the human user manipulates the end-
effector of the haptic interface device, the position sensors on the device 
convey its tip position to the computer. The computer calculates the force 
commands to the actuators on the haptic interface in real time so that appro-
priate reaction forces are applied on the user, leading to tactual perception of 
virtual objects. 
1.3.5.1.2 Haptic Interface Devices 
In general, haptic interface devices are of two types: ground-based devices 
(DELTA) and exoskeleton mechanisms (CyberGrasp). In our research, the avail-
able PHANTOM device [34] as shown in Figure 1.28 is used. 
1.3.5.1.3 Haptic Rendering 
Haptic rendering is the process of applying forces to give the operators a sense of 
touch and interaction with physical objects. Typically, a haptic rendering algorithm 
consists of two parts: collision detection and collision response. Figure 1.29 illus-
trates in detail the ·procedure of haptic rendering. Note the update rate of haptic 
rendering has to be maintained at around 1000 Hz for stable and smooth haptic 
interaction. Otherwise, virtual surfaces feel softer. Even worse, the haptic device 
vibrates. 
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Figure 1.28 Sensable PHANTOM desktop haptic device. 
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Figure 1.29 Haptic rendering procedure. 
1.3.5.2 Integration of Haptics into a Spine Simulation 
System (Three-Dimensional Model) 
To observe the locomotion and study the dynamic properties of che spine model 
quickly, conveniently, and more realistically, haptic technique can be integrated 
into a spine simulation system. In our research, the haptic rendering process has 
two main stages: the rigid stage and the compliant stage. Without pressing the 
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stylus button of the PHANTOM device, users can touch and explore the whole 
spine model because it is considered co be rigid throughout. After the user locates 
a specific vertebra where he or she wishes to apply force, they can then press the 
PHANTOM stylus button and push or drag the vertebra to make the whole spine 
model deform. Once the stylus button is pressed, the system switches from the rigid 
stage to the compliant stage. The haptic rendering algorithms in these two stages 
will be clearly presented in Sections 1.3.5.2.1 and 1.3.5.2.2. Figure 1.30 shows the 
complete haptic simulation process in our system. 
To conveniently compute the movement of the spine model, the pre-interpolated 
displacement-force functions of all vertebrae are utilised here. Based on the magni-
tude of the haptic external forces applied by the users, the dynamic properties of all 
vertebrae can be easily calculated through these functions and the locomotion of 
the whole spine model can be rapidly observed. 
1.3.5.2.1 Haptic Rendering Method of the Spine Model 
In real-time haptic simulation, users can only interact with the spine model by 
manipulating a rigid virtual object, considered a probe on the computer screen. 
Initially, users m·ainpulate the haptic pr.obe .(a sphere in this case)-in 
3D space and the transformation data,of the probe is given. 
?'he hap.tic i:;imulation is in the rigid·stage. The magnitudes and 
dlrectiens of reaction fom~es applying to the probe from the vertebra 
are calculated and fed back to the users. 
The haptic simulation is in the cempliant stage. under external 
' forces applied by the users, displacement-force functions are used 
to compute the locomotion efthe spine model. 
Figure 1.30 Applied haptic simulation of the spine. 
No 
No 
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At present, a simple probe such as a sphere is used in our study. Since chis inter-
action carries out at a high update rate of 1 kHz, the chosen haptic rendering 
method needs to be reasonable and effectively computational. As mentioned in 
Section 1.3.5.1, a haptic rendering method includes two phases: collision detection 
and collision response. For collision detection, the simple algorithm proposed by 
James Arvo [35] is utilised to check intersection between the probe and the spine 
model through axis-aligned bounding boxes (AABBs). Figure 1.31 illustrates all 
AABBs of a vertebra intersecting with the spherical probe. 
For collision response, the algorithm developed by Gao and Gibson [36] is 
used co determine force feedback. An important prerequisite in chis step is that 
intersecting points with the spherical probe have to be specified. Figure 1.32 shows 
intersecting points during the colliding process between the probe and a vertebra. 
After these intersecting points are found, the final step in chis phase is co calcu-
late the reaction forces generated from the vertebrae of the spine model. Computing 
the reaction forces of the vertebrae is concerned with finding the force magnitudes 
that the probe applied to the intersecting points on the contact surface areas of the 
vertebrae and force directions at chose points. The magnitudes and directions of 
reaction forces can be computed by Equations 1.1 and 1.2: 
n L ( k x S; - d x S;) IFI = _i=O ___ _ 
SMaxSec 
(1.1) 
where k is spring constant, s is the displacement of intersected point, dis the damp-
ing factor, s is the velocity of the intersected point, and SMaxSec is the maximum 
sectional area of che probe. 
Figure 1.31 Probe intersection with axis-aligned bounding boxes. 
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Figure 1.32 Intersection of probe with vertebra. 
n 
~Fr xs. ~ l t (1.2) F=-i=_O __ _ 
n 
where n is the number of surface sampling points inside the probe, N . is the normal 
l 
vector of surface sampling point, ands; is the depth. 
Note that the haptic rendering method presented here is for the rigid stage. 
After users locate a specific vertebra where they wish to apply force, they can then 
press the PHANTOM stylus button and push or drag the vertebra to make the 
whole spine model deform. Once the stylus button is pressed, the system switches 
to another hapcic rendering method that uses the stretched-spring model. A virtual 
spring is set up connecting the vertebra and the haptic probe. The spring has two 
hook points: one is on the vertebra and the other is on the haptic probe. Both of 
the hook points displace during spine deformation. The force magnitude is deter-
mined by the length of the virtual spring and its stiffness, while the force direction 
depends on the vector of the virtual spring. 
1.3.5.2.2 Interpolation of Displacement-Force 
Functions of All Vertebrae 
The purpose of interpolating displacement-force functions of all vertebrae is to 
facilitate computational processing of the dynamic properties of the spine model 
during haptic simulation. To do that, some constraints are imposed on the spine 
model. The pelvis is fixed in three-dimensional space. Then, constant forces 
are applied on each specific vertebra in the thoracic region in each axis-aligned 
direction during simulation. The force magnitude is gradually increased with 
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Translation of vertebra Tl under forward external force 
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Figure 1.33 Dynamics of Tl under forward force. 
an equal increment in subsequent simulations. Corresponding to each value of 
force, the dynamic characteristics of all vertebrae (e.g., translation and rota-
tion) can be automatically obtained using the plots in LifeMOD™ as a reference. 
The dynamic properties are recorded after the spine model is stabilised. Based 
on these recorded dynamic properties, displacement-force relationships can be 
interpolated using the least-squares method and expressed in terms of polyno-
mial functions. Figure 1.33 illustrates the graph of a dynamic property of ver-
tebra Tl under forward forces in the sagittal plane of the spine model. In these 
figures, each series of markers presents each dynamic property of one vertebra 
obtained in the simulations and the continuous line closely fit to that series is the 
corresponding interpolated line. 
1.3.5.3 Step-by-Step Development of a Haptically Integrated 
Simulation Platform for Investigating Post-Operative 
Personal Spine Models Constructed from LifeMOD™ 
As presented in Section 1.3.5.1, haptics has been investigated at length and widely 
applied to medical education and surgical simulations, such as for surgical plan-
ning and laparoscopic surgical training [37,38]. Because haptic interfaces provide 
couch feedback to operators through the PHANTOM robotic device, simulation 
with haptic feedback may offer better realism compared to those with only a visual 
interface. 
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The first step in our work is to develop a haptic interface for a detailed normal 
spine model whose dynamic properties are obtained from LifeMOD™. Figure 1.34 
illustrates a real-time haptic simulation case of the normal spine when applying 
force on vertebra Tl in the x-axis direction. Figure 1.35 shows the analysis of some 
dynamic properties of the spine in that condition. 
The next step in our work is to develop a post-operative detailed spine model. 
The operation conducted on the spine model can be spinal fusion or spinal arthro-
plasty. By using a haptically integrated graphic interface, assessing biomechanical 
behaviour between natural spines and spinal arthroplasty or spinal fusion becomes 
more convenient. This will help orthopaedic surgeons understand the change 
Figure 1.34 Snapshots of real-time haptic simulation of a spine. 
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Figure 1.35 Qualitative analysis of the spine. 
in force distribution following spine fusion procedures, which can also assist in 
post-operative physiotherapy. 
1.3.5.4 Conclusions 
This section presented the integration of haptics into a spine simulation system, 
which can describe the dynamic behaviour of spine models. By simulating spine 
models in a hapcically integrated graphic interface, the interaction between the 
spherical probe manipulated by the users with the spine model becomes much more 
realistic. Users can directly explore the spine model by touching, grasping, and 
even applying forces in any arbitrary direction onto any vertebra. In addition, the 
dynamic properties of the spine models can be analysed more conveniently. Some 
applications were illustrated co show the advantages of this versatile system. 
1.3.6 Application of Spine Modelling by 
the Finite Element Method 
The finite element method was first developed to be a practical technique in the 
1940s. After decades of development, chis method is now applied with increasing 
frequency and has brought a lot of benefits for biomechanics research without ques-
tion. Generally speaking, finite element modelling of the spine is used co assess the 
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spine in different situations, such as degeneration, disease, or surgery, and help in 
the design of spinal instrumentation [39]. 
1.3.6.1 Artificial lntervertebral Discs 
Usually, there are two types of surgical treatments for disc degeneration: disc 
replacement and fusion. The finite element method can be used to understand 
the biomechanical differences between these two applications [40] on the ROM, 
ligament forces, and contact forces at the facet joint [41] and under severe loading 
conditions (42]. 
The effects of an artificial disc on the spine have been investigated by researchers 
through finite element analysis for years. Dooris et al. evaluated the implantation of 
a ball-and-cup-type artificial discs on the biomechanics of posterior elements and 
vertebral bodies [43]. Lacer in 2005, Goel et al. studied the biomechanical effects 
of a mobile-core-type artificial disc on the implanted and adjacent segments [44]. 
The biomechanical differences between mobile-core and fixed-core artificial discs 
are also discussed with FEMs [45]. Furthermore, the position of the artificial disc 
is proven co be very important in the implantation procedure. Ir is concluded chat 
the biomechanical behaviour of spine can be affected by the height and position 
of artificial disc [46]. Figure 1.36 shows the FEM with an artificial disc built by 
Rohlmann et al. in 2009. 
1.3.6.2 Whiplash Injury 
'Whiplash' refers to a range of injuries caused by a sudden distortion of the neck 
during a rear-end collision of cars. Two injury phases occur according to the kine-
matics during whiplash. In the first phase, there is hyperextension at the lower 
cervical spine and mild flexion at the upper cervical spine. Hyperextension of the 
whole cervical spine is identified in the second phase [47]. 
L3 
L4 
LS 
Figure 1.36 FEM with artificial disc. 
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Many studies have been done to understand these injuries. It is generally accepted 
that combining computational methods with experimental data can make huge prog-
ress in this area [48]. Stress of soft tissues can be obtained with the application of a 
detailed neck FEM [49], which is shown in Figure 1.37. Alan B. C. Dang er al. per-
formed a study of anterior longitudinal ligament strain during whiplash, with a finite 
element cervical spine containing fused segments. The results show that there are greater 
increases in peak ligament strain in two-level fusion at adjacent motion segments [50]. 
The finite element method was also used with rhe computational fluid dynamics/ 
computational structural dynamics (CFD/CSD) technique to study the biomechan-
ics of the cervical spine and blood vessels during whiplash [51]. It can also assist in 
the assessment of car occupant safety. Waldemar Z. Golinski tried to develop new 
anti-whiplash devices with the application of a spine model and a simple occupant 
model [52]. 
1.3.6.3 Whole-Body Vibration 
Today, people spend an increasing amount of time in a seated posture, which may 
lead to a risk of injury on rhe spine. Especially for vehicle drivers, long-term vibration 
is one main reason for LBP and other degenerative disease. In past years, significant 
efforts have been made through rhe finite element method to investigate spine bio-
mechanics under vibration, which assists in the design of car seats and other devices. 
Whole-body vibration, as opposed to local vibration, means the whole body is 
exposed to vibration. A nonlinear finite element reduced model of a seated man 
was used by Pankoke et al. to investigate this vibration in 2001 [53]. Seidel et al. 
have also discussed it with regards to a relaxed sitting posture of the human body 
by using plane-symmetric linear FEMs [54]. The dynamic response of the spine 
under vibration at different frequencies can also be understood through the finite 
Figure 1.37 FEM of a whiplash injury. (From Dang, A.B.C. et al., Spine, 33(6), 
2008. With permission.) 
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element method [55]. Different motion segments were developed by the finite ele-
ment method to study the biomechanics of the spine. Kong et al. tried to determine 
the optimal spine segments model to understand the biomechanical effects of vibra-
tion on the human spine [56]. In addition, there has been much research regarding 
the influence of injury spine components on the condition of whole-body vibration, 
such as injured intervertebral discs and so on [57,58]. 
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